INTRODUCTION
============

Strong polyelectrolytes (SPs), representing a large group of polymeric materials, have been found to have many important applications in the fields of energy, environment, and health ([@R1]--[@R3]). However, they are not used in circumstances in which pH response is required because of the widely held view that they are insensitive to pH changes ([@R4]--[@R7]). This view is based on the insensitivity of the polymer charge of SPs to variations in pH ([@R8], [@R9]). This has prevented SPs from being used in applications, such as energy storage devices ([@R1]), water treatment ([@R2]), and catalysis ([@R10]), when it is required that either the mechanical strength of electrolyte, the antifouling properties of membranes, or the efficiency of immobilized catalyst, respectively, are pH-dependent. Here, we use SP brushes (SPBs) as a well-controlled model system to systematically examine the pH-responsive properties of SPs and find that SPBs are pH-dependent because of the pH dependence of interchain hydrogen bonding interactions. The demonstrated pH response indicates that SPs will be found to have wide applications as pH-responsive agents, for which it is important that the electrostatic interaction remains constant during the modulation of pH, such as in drug delivery ([@R6]), tribology ([@R11], [@R12]), and emulsification ([@R13]) applications.

RESULTS
=======

Macroscopic pH-responsive properties of positively charged SPBs
---------------------------------------------------------------

We first demonstrate that the macroscopic properties of SPBs are dependent on pH, using several different experimental techniques. Positively charged poly\[2-(methacryloyloxy)ethyl trimethylammonium chloride\] (PMETAC) and negatively charged poly(3-sulfopropyl methacrylate potassium) (PSPMA) brushes were prepared with the surface-initiated atom transfer radical polymerization (SI-ATRP) method to demonstrate the pH-responsive nature of SPBs. To discount the influence of ionic strength, constant--ionic strength solutions (that is, 10 mM) with different pH values were prepared using HCl, KCl, and KOH. A quartz crystal microbalance with dissipation (QCM-D) was used to measure the shifts in frequency (Δ*f*) and dissipation (Δ*D*) of SPBs with pH. According to the Sauerbrey equation, the increase in Δ*f* of the PMETAC brushes in [Fig. 1A](#F1){ref-type="fig"} indicates that the mass associated with the cationic SPBs decreases (that is, dehydration) with increasing pH and vice versa ([@R14], [@R15]). The associated decrease in Δ*D* indicates that the cationic SPBs become stiffer with increasing pH and vice versa. The time scale for the pH-responsive behavior of the PMETAC brushes in QCM-D experiments is shown in fig. S1. Our control experiments have shown that the changes in Δ*f* and Δ*D* displayed in [Fig. 1A](#F1){ref-type="fig"} are not attributed to changes in bulk solution density and viscosity during solution exchange (figs. S2 and S3). Furthermore, Δ*f* and Δ*D* of the PMETAC brushes at the other overtones have a similar pH dependence to those at the third overtone, further suggesting that the hydration and stiffness of the brushes are dependent on pH (fig. S4). Moreover, the water contact angle (WCA) and oil (1,2-dichloroethane) contact angle (OCA) of the PMETAC brushes can be reversibly tuned between \~7° and \~33° and between \~173° and \~155°, respectively, by changing the pH as illustrated in [Fig. 1B](#F1){ref-type="fig"}. A similar WCA change obtained from the pendant bubble contact angle measurements and a similar OCA change of nonpolar oil can also be observed on the surface of PMETAC brushes (figs. S5 and S6).

![Macroscopic pH-responsive properties of PMETAC brushes.\
The dry thickness of PMETAC brushes used here is \~26 ± 4 nm. (**A**) Shifts in frequency (Δ*f*) and dissipation (Δ*D*) of PMETAC brushes as a function of pH at the overtone number (*n*) of 3. (**B**) Measured WCA and OCA on the surface of PMETAC brushes as a function of pH. (**C**) Lubrication tests on the surface of PMETAC brushes at different pH values. (**D**) The adhesive force between an oil (1,2-dichloroethane) droplet and the PMETAC brushes as a function of pH. Inset: A series of photos taken of the PMETAC brushes approaching and retracting from the oil droplet at pH 2 and 12 during measurements of the adhesive force. (**E**) The mass of adsorbed lysozyme on the PMETAC brushes as a function of pH. The mass was calculated from the frequency change induced by the lysozyme adsorption according to the Sauerbrey equation. Error bars are obtained from repeated measurements.](1600579-F1){#F1}

The sliding velocity (*V*~s~) of a poly(dimethylsiloxane) (PDMS) cylinder on the PMETAC brushes also shows strong pH dependence. It decreases from \~14.7 to \~0.04 cm s^−1^ as pH increases from 2 to 12, as shown in [Fig. 1C](#F1){ref-type="fig"}, which implies that the friction force between the sliding block and the surface becomes larger when the pH is increased. The lubrication tests can be viewed in movie S1. The adhesive force between an oil (1,2-dichloroethane) droplet and the PMETAC brushes follows similar pH dependence ([Fig. 1D](#F1){ref-type="fig"}). It is observed that at pH 10 and 12, the oil droplet can be fully stretched until it ruptures, leaving behind a small residual oil droplet left on the surface (fig. S7). In this case, the measured force (\~60.0 μN) corresponds to the stretching force, whereas the real adhesive force must be considerably larger. Likewise, protein adsorption on the PMETAC brushes can also be effectively modulated by pH ([Fig. 1E](#F1){ref-type="fig"} and fig. S8).

Microscopic mechanism of pH response of positively charged SPBs
---------------------------------------------------------------

According to conventional wisdom, SPBs should be pH-insensitive because the average degree of charging of SP chains is independent of pH ([@R5]--[@R9]). As shown in [Fig. 2A](#F2){ref-type="fig"}, the average degree of charging and the wet thickness of PMETAC brushes are independent of pH, as expected ([@R6], [@R16]). The in situ atomic force microscopy (AFM) results further confirm that the wet thickness of the PMETAC brushes is independent of pH (fig. S9). However, all experimental evidence illustrated in [Fig. 1](#F1){ref-type="fig"} clearly indicates that such a simple fact cannot be generalized to other properties. To better understand these findings, we consider the Manning's counterion condensation theory, which states that SPs are not 100% dissociated, namely, a portion of counterions can be condensed onto the polyelectrolyte chains ([@R17], [@R18]). As pH increases from 2 to 12, the concentration of OH^−^ increases from 10^−12^ to 10^−2^ M. Therefore, more OH^−^ will associate with the grafted PMETAC chains with increasing pH. The pH-dependent mole fraction of OH^−^ ($\mathit{f}_{\mathsf{O}\mathsf{H}^{-}}$) in the outer part of the PMETAC brushes obtained from x-ray photoelectron spectroscopy (XPS) measurements demonstrates increased adsorption of OH^−^ onto the brushes as pH increases ([Fig. 2B](#F2){ref-type="fig"} and fig. S10). The pH-mediated hydroxide adsorption-desorption equilibrium with the brushes can be described by a Langmuir-type adsorption isotherm as shown in [Fig. 2B](#F2){ref-type="fig"} (eq. S1).

![Microscopic mechanism of pH response of PMETAC brushes.\
(**A**) Changes in surface charge density (σ) and wet thickness (*d*~wet~) of the PMETAC brushes as a function of pH. (**B**) Change in mole fraction of OH^−^ ($\mathit{f}_{\mathsf{O}\mathsf{H}^{-}}$) in the outer part of the PMETAC brushes as a function of pH obtained from XPS measurements. The dashed line is a fit to the experimental data by the Langmuir-type adsorption isotherm. The equilibrium constant $\mathit{k}_{\mathsf{O}\mathsf{H}^{-}}$ is determined by the ratio of the adsorption constant to the desorption constant of OH^−^. (**C**) The ssp SFG spectra of PMETAC brushes in the frequency range of 3000 to 3800 cm^−1^ as a function of pH. (**D**) The ssp SFG spectra of PMETAC brushes in the frequency range of 1100 to 1400 cm^−1^ as a function of pH. Error bars are obtained from repeated measurements.](1600579-F2){#F2}

The effect of pH on the cationic SPBs at the molecular scale was determined using surface-sensitive sum-frequency generation vibrational spectroscopy (SFG-VS) ([@R19], [@R20]). The pH dependence of the SFG intensity of the interfacial water, as shown in [Fig. 2C](#F2){ref-type="fig"}, directly confirms the dehydration of the cationic SPBs with increasing pH, consistent with the pH dependence of Δ*f* displayed in [Fig. 1A](#F1){ref-type="fig"}. Such behavior can be further illustrated by the change in strength of the 3200 cm^−1^ peak (fig. S11) and verified by the change in intensity of water signals in the ppp SFG spectra (fig. S12). Note that the contribution of the orientation change of the interfacial water molecules to the SFG intensity of water signals can be neglected here (figs. S11 and S12). The 1220 cm^−1^ spectral peak corresponds to the C--O stretching in the --C(=O)OR side group. This peak appears in the ssp spectra in [Fig. 2D](#F2){ref-type="fig"} but is completely absent in the ppp spectra (fig. S13). This fact indicates that the transition dipole direction of the C--O stretching lies more parallelly with the surface. The 1220 cm^−1^ peak shifts to higher frequency at higher pH values (fig. S14), suggesting that the neighboring chains form interchain hydrogen bonds through the bound hydroxide and the carbonyl of the --C(=O)OR group, which is accompanied by the shortening of the C--O bond. Furthermore, the decrease in C--O peak intensity with increasing pH implies an increased C--O symmetry due to the rotation of certain --C(=O)OR groups to form interchain hydrogen bonds following the adsorption of OH^−^ (fig. S15). The formation of interchain hydrogen bonds and the rearrangement of chain conformations with pH are further validated by changes in C=O stretching, --CH~2~-- symmetric stretching, and symmetric stretching of the --CH~3~ group connected with the polymer backbone (figs. S16 to S18).

The pH-mediated reorganization of the interchain hydrogen bond network of the PMETAC brushes is schematically illustrated in [Fig. 3](#F3){ref-type="fig"}. Almost no interchain hydrogen bonds can be formed between the grafted chains at pH 2 because of the absence of hydrogen bond donors associated with the grafted chains. As pH increases, the neighboring chains start to form interchain hydrogen bonds through the bound hydroxide and the carbonyl. The formation of interchain hydrogen bonds weakens the interactions between the cationic SPBs and the surrounding water molecules, resulting in the dehydration of PMETAC brushes with increasing pH. The interchain hydrogen bonding can physically crosslink the brushes, making them stiffer with increasing pH. Similarly, the observed pH dependencies of the WCA, OCA, friction force, adhesive force, and protein adsorption can also be correlated with the change in hydration of the PMETAC brushes induced by the reorganization of the interchain hydrogen bond network ([@R11], [@R21]--[@R23]).

![Schematic illustration of the pH-mediated reorganization of the interchain hydrogen bond network of the PMETAC brushes.\
As pH increases, the interchain hydrogen bonds are formed between the grafted chains due to the adsorption of hydroxide onto the PMETAC brushes. For clarity, the K^+^, H~3~O^+^, and excess free Cl^−^ and OH^−^ within the PMETAC brushes are not depicted in this figure.](1600579-F3){#F3}

pH response of negatively charged SPBs
--------------------------------------

The concept of pH-mediated reorganization of the interchain hydrogen bond network can be directly applied to anionic PSPMA brushes as shown in [Fig. 4](#F4){ref-type="fig"}. Generally, the proton exists in the form of hydronium (H~3~O^+^) in aqueous solutions ([@R24]). The increase of pH results in the desorption of the bound H~3~O^+^ from the PSPMA brushes as the concentration of H~3~O^+^ decreases from 10^−2^ to 10^−12^ M, when pH increases from 2 to 12. Consequently, the interchain hydrogen bonds formed between the bound H~3~O^+^ and the carbonyl of the --C(=O)OR group at pH 2 should be gradually broken, and the C--O peak in the SFG spectra is expected to shift to lower frequency with increasing pH.

![Schematic illustration of the pH-mediated reorganization of the interchain hydrogen bond network of the PSPMA brushes.\
As pH increases, the interchain hydrogen bonds are broken between the grafted chains due to the desorption of hydronium from the PSPMA brushes. For clarity, the Cl^−^, OH^−^, and excess free K^+^ and H~3~O^+^ within the PSPMA brushes are not depicted in this figure.](1600579-F4){#F4}

The predicted reorganization of the interchain hydrogen bond network of the PSPMA brushes is confirmed by the SFG spectra shown in [Fig. 5A](#F5){ref-type="fig"}, in which the C--O bond is lengthened, indicated by a lower stretching frequency with increasing pH (fig. S19). The more perpendicular orientation of the C--O bond to the surface is verified by the fact that the 1220 cm^−1^ peak can be readily observed in the ppp spectra but is completely absent in the ssp spectra (fig. S20). This suggests that the reorganization of the interchain hydrogen bond network of the PSPMA brushes is slightly different from that of the PMETAC brushes. The reduction in the strength of the 1220 cm^−1^ peak with increasing pH implies an increased C--O symmetry during the breaking of the interchain hydrogen bonds (fig. S21). The chain rearrangement with pH is further validated by changes in spectral features of the --CH~3~ and --CH~2~-- groups (fig. S22).

![pH response of PSPMA brushes.\
The dry thickness of the PSPMA brushes used here is \~26 ± 4 nm. (**A**) The ppp SFG spectra of PSPMA brushes in the frequency range of 1100 to 1400 cm^−1^ as a function of pH. (**B**) The ssp SFG spectra of PSPMA brushes in the frequency range of 3000 to 3800 cm^−1^ as a function of pH. (**C**) Change in mole fraction of H~3~O^+^ ($\mathit{f}_{\mathsf{H}_{3}\mathsf{O}^{+}}$) in the outer part of the PSPMA brushes as a function of pH obtained from XPS measurements. The dashed line is a fit to the experimental data by the Langmuir-type adsorption isotherm. The equilibrium constant $\mathit{k}_{\mathsf{H}_{3}\mathsf{O}^{+}}$ is determined by the ratio of the adsorption constant to the desorption constant of H~3~O^+^. (**D**) Shifts in frequency (Δ*f*) and dissipation (Δ*D*) of the PSPMA brushes as a function of pH at the overtone number (*n*) of 3. (**E**) The adhesive force between an oil (1,2-dichloroethane) droplet and the PSPMA brushes as a function of pH. Inset: A series of photos taken at pH 2 and 12 during measurements of the adhesive force. (**F**) Changes in surface charge density (σ) and wet thickness (*d*~wet~) of the PSPMA brushes as a function of pH. Error bars are obtained from repeated measurements.](1600579-F5){#F5}

Simultaneously, the decrease of the SFG water signals with the increase of pH from 2 to 10, as shown in [Fig. 5B](#F5){ref-type="fig"}, is due to the desorption of H~3~O^+^. As pH increases from 10 to 12, the increase in water signals is attributed to the formation of interwater hydrogen bonds in the hydration shell of the OH^−^ ion \[OH^−^(H~2~O)~*n*~\] associated with bound K^+^, which is confirmed by the appearance of an additional small band at 3680 cm^−1^ at pH 12 ([@R25], [@R26]). The change in water signals is further verified by variations in the strength of the 3200 cm^−1^ peak (fig. S23) and in the intensity of water signals in the ppp SFG spectra (fig. S24).

Moreover, the pH-mediated hydronium adsorption-desorption equilibrium with the brushes is confirmed by XPS measurements (fig. S25) and can be described by a Langmuir-type adsorption isotherm as presented in [Fig. 5C](#F5){ref-type="fig"} (eq. S3). The changes in hydration and stiffness of the PSPMA brushes with pH, as reflected by the pH-dependent Δ*f* and Δ*D* at the third overtone ([Fig. 5D](#F5){ref-type="fig"}) and at the other overtones (fig. S26), as well as the pH dependence of the adhesive force of the PSPMA brushes ([Fig. 5E](#F5){ref-type="fig"}) are all attributed to the pH-mediated reorganization of the interchain hydrogen bond network. Again, the observed pH response is unrelated to the average degree of charging and wet thickness of the anionic SPBs ([Fig. 5F](#F5){ref-type="fig"} and fig. S27). The smaller change in Δ*f* of the PSPMA brushes compared with that of the PMETAC brushes indicates that the reorganization of the hydrogen bond network has a relatively weak influence on the hydration of the former than that of the latter, thereby resulting in a weak pH effect on the surface wettability and lubricity of the PSPMA brushes (figs. S28 to S31 and movie S2). This may be due to the fact that the sulfonate group has enough hydrogen bond acceptors (that is, three oxygen atoms) to interact with the surrounding water molecules during reorganization of the hydrogen bond network.

DISCUSSION
==========

Note that the pH response of weak polyelectrolyte brushes originates from the variation in the degree of charging of weak polyelectrolyte chains, which is determined by the pH-controlled proton association-dissociation equilibrium of acidic or basic groups (figs. S32 to S36), whereas the reorganization of the interchain hydrogen bond network triggered by the pH-mediated adsorption-desorption equilibrium of hydronium or hydroxide (that is, hydrogen bond donors) with the brushes observed here determines the pH-responsive properties of SPBs. These pH effects are common because hydrogen bond acceptors are ubiquitous in SP systems ([@R27], [@R28]). We emphasize that the pH effect of SPBs demonstrated here has different origins and applications compared to conventional ion exchange materials ([@R29]). We have demonstrated that the properties of SPBs are insensitive to a simple ion exchange at a constant pH value (fig. S37). Furthermore, we have also demonstrated that the pH response of SPBs observed here is not induced by specific ion effects (fig. S38). Naturally, the pH-responsive SPBs that allow a range of properties to be modulated over a wide pH range are more desirable for applications in biological fields ([@R30]). In addition, we have found that free SPs are also pH-responsive, owing to the same underlying mechanism (fig. S39). The detailed understanding of the mechanism elucidated here provides a platform for utilizing and controlling the pH response of SPBs as a new class of smart materials. Because pH is a fundamentally important measure of aqueous solutions and hydrogen bonding is ubiquitous in both artificial and biological polyelectrolyte systems, we believe that our findings will markedly expand the range of applications of SPBs and inspire new ideas for building novel smart materials by enabling SPBs to be used as pH-responsive units.

MATERIALS AND METHODS
=====================

Materials
---------

\[2-(Methacryloyloxy)ethyl\]trimethylammonium chloride (METAC) \[75 weight % (wt %) in H~2~O; Aladdin\] and 2-(dimethyl amino)ethyl methacrylate (DMAEMA) (99%; Aladdin) were purified by passing through a basic alumina column (200 to 300 mesh). Ethyl methacrylate (EMA) (99%; Aladdin) was purified by treatment with 5% aqueous NaOH solution to remove the inhibitor and was distilled under vacuum. Sodium methacrylate (MA) (99%; Aladdin), potassium 3-sulfopropyl methacrylate (SPMA) (98%; Sigma-Aldrich), and vinylbenzyl trimethylammonium chloride (VBTMA) (97%; Acros) were used as received. 1,1,4,7,10,10-Hexamethyltriethylenetetramine (HMTETA) (97%; Energy Chemical), 2,2′-dipyridyl (BPy) (\>99%; Aldrich), copper (II) bromide (CuBr~2~) (99%; Alfa Aesar), copper (II) chloride (CuCl~2~) (98%; Alfa Aesar), ethyl 2-bromoisobutyrate (2-EBiB) (98%; Aldrich), methanol (≥99.9%) (for high-performance liquid chromatography), and *N*,*N′*-dimethylformamide (DMF) (≥99.9%; Aladdin) (for gas chromatography) were used as received. 1,1,4,7,7-Pentamethyldiethylenetriamine (PMDETA) (98%; Aladdin) was purified by distillation under vacuum. Copper (I) bromide (CuBr) and copper (I) chloride (CuCl) were prepared from CuBr~2~ and CuCl~2~, respectively, by reaction with sodium sulfite. ω-Mercaptoundecyl bromoisobutyrate (MUBB) (98%; Beijing HRBio Biotechnology Co.), HCl (37 wt %, ultra pure; Jincheng Chemical), lysozyme (Calbiochem), and 1,2-dichloroethane (AR, Sinopharm) were used as received. Hexadecane (anhydrous, ≥99%; Aladdin) was purified by filtering through a neutral alumina column to remove trace amounts of surfactant. All salts (99.99%, metals basis) were purchased from Aladdin and used as received. Water was purified by filtration through a Millipore gradient system after distillation, giving a resistivity of 18.2 megaohm·cm.

Preparation of polymer brushes
------------------------------

The gold-coated resonators used in the QCM-D were cleaned by piranha solution \[H~2~O~2~/H~2~SO~4~, 3:7 (v/v)\] for 10 min at 60°C, then rinsed with copious amounts of Milli-Q water, and dried under a nitrogen stream before use. The clean resonators were immersed in a 5 mM solution of MUBB in anhydrous ethanol for \~24 hours at room temperature to form a uniform monolayer of initiator with a thickness of \~1.2 nm, as determined by ellipsometry.

According to the procedures reported previously, PMETAC and PSPMA brushes were prepared using the SI-ATRP method ([@R31]). Typically, METAC (5.94 g, 28.6 mmol), the free initiator 2-EBiB (0.027 g, 0.14 mmol), and BPy (0.044 g, 0.28 mmol) were dissolved in 20 ml of methanol/water mixture \[4:1 (v/v)\]. Then, the initiator-modified substrates were placed inside the flask, and the solution was stirred at 25°C under argon for 120 min to remove dissolved oxygen. Afterward, CuBr (0.02 g, 0.14 mmol) and CuBr~2~ (0.003 g, 0.014 mmol) were quickly added under argon protection at 25°C. The polymerization was allowed to proceed for a specific time to prepare the PMETAC brushes. At the end of polymerization, the resonators grafted with PMETAC brushes were washed with water and methanol, and then soaked in a methanol/water mixture \[4:1 (v/v)\] overnight to remove the ligand and unreacted monomer. Likewise, PSPMA brushes were grafted onto surfaces as follows. Briefly, SPMA (4.93 g, 20 mmol), 2-EBiB (0.02 g, 0.1 mmol), CuBr (0.016 g, 0.11 mmol), CuBr~2~ (0.0025 g, 0.011 mmol), and BPy (0.034 g, 0.22 mmol) were dissolved in 20 ml of DMF/water mixture \[1:1 (v/v)\] for preparation of the PSPMA brushes. After the polymerization, the resonators grafted with PSPMA brushes were washed with DMF/water mixture \[1:1 (v/v)\], and then soaked in 0.5 wt % EDTA-2Na aqueous solution overnight to remove the ligand and unreacted monomer. The grafting density (σ) of both PMETAC and PSPMA brushes was \~0.4 chains/nm^2^, estimated according to the equation σ = ρ*d*~dry~*N*~A~/*M*~n~, where ρ is the density of the brushes (\~1.1 g/cm^3^), *d*~dry~ is the dry thickness of the brushes, *M*~n~ is the number-average molar mass of the polyelectrolyte chains determined by gel permeation chromatography, and *N*~A~ is the Avogadro constant.

Preparation of pH solutions
---------------------------

Solutions with different pH values but the same ionic strength were prepared using 10 mM HCl, 10 mM KOH, and 10 mM KCl for investigation of the pH-responsive properties of SPBs. More specifically, the solutions of pH 2 and 12 were prepared using 10 mM HCl and 10 mM KOH, respectively. The solutions of pH 4, 7, and 10 were prepared by adding a small amount of 10 mM HCl or 10 mM KOH to 10 mM KCl to obtain target pH values with the same ionic strength. Buffered pH solutions were not used here to avoid the generation of specific ion effects ([@R32]).

In situ combination of QCM-D and ellipsometry measurements
----------------------------------------------------------

The pH-responsive behaviors of polymer brushes in aqueous solutions were investigated by the combination of QCM-D and spectroscopic ellipsometry (SE) with an ellipsometry-compatible QCM-D module (QELM 401) from Q-Sense AB ([@R33]). The quartz crystal resonator with a fundamental resonant frequency of 5 MHz was mounted in a fluid cell with one side exposed to the solution. The resonator had a mass sensitivity constant (*C*) of 17.7 ng·cm^−2^·Hz^−1^. When a quartz crystal is excited to oscillate in the thickness shear mode at its fundamental resonant frequency (*f*~0~) by applying a radio frequency voltage across the electrodes near the resonant frequency, a small layer added to the electrodes induces a decrease in resonant frequency (Δ*f*), which is proportional to the mass change (Δ*m*) of the layer. Under vacuum or in air, if the added layer is rigid, evenly distributed, and much thinner than the crystal, then the Δ*f* is related to Δ*m* and the overtone number (*n* = 1, 3, 5....) by the Sauerbrey equation ([@R14])$$\Delta\mathit{m} = - \frac{\rho_{q}\mathit{l}_{q}}{\mathit{f}_{0}}\frac{\Delta\mathit{f}}{\mathit{n}} = - \mathit{C}\frac{\Delta\mathit{f}}{\mathit{n}}$$where *f*~0~ is the fundamental frequency, and ρ~q~ and *l*~q~ are the specific density and thickness of the quartz crystal, respectively. The dissipation factor is defined by ([@R33])$$\mathit{D} = \frac{\mathit{E}_{d}}{2\pi\mathit{E}_{s}}$$where *E*~d~ is the energy dissipated during one oscillation, and *E*~s~ is the energy stored in the oscillating system. The measurement of Δ*D* is based on the fact that the voltage over the crystal decays exponentially as a damped sinusoidal when the driving power of a piezoelectric oscillator is switched off ([@R33]). By periodically switching the driving voltage on and off, a series of measures of the resonant frequency and the dissipation factor can simultaneously be obtained. In the QCM-D studies on the pH response of polymer brushes, the changes in Δ*f* and Δ*D* were obtained by taking the absolute values of frequency and dissipation at pH 2 as the reference. All the experiments were conducted at 25° ± 0.02°C.

The thicknesses of the brushes in both dry and wet states were determined by a spectroscopic ellipsometer (M-2000V, J. A. Woollam). The dry thickness of the brushes was determined at two incident angles in air. The wet thickness of the brushes was determined at the incident angle of 65° in pH solutions using an ellipsometry-compatible QCM-D module. Ellipsometric measurements are sensitive to the change in polarization state of light reflected from a surface, whereas the two ellipsometric parameters Ψ and Δ are recorded and can be expressed by the following equation ([@R34])$$\text{tan}(\Psi)\mathit{e}^{\mathit{i}\Delta} = \frac{\mathit{R}_{p}}{\mathit{R}_{s}}$$where tan(Ψ) is the amplitude ratio of the reflection coefficient of p-polarized light (*R*~p~) to that of s-polarized light (*R*~s~), and Δ is the phase difference. The quantities Ψ and Δ were measured directly in experiments, and the physical parameters, such as thickness and refractive index, can be obtained by numerical fitting using an appropriate model.

The dry thickness of the polymer brushes was determined by numerical fitting using the software CompleteEASE (J. A. Woollam) by treating the polymer layer as a single Cauchy layer between the gold surface and air. With this model, the refractive index of the substances follows the relation of *n* = *A*~*n*~ + (*B*~*n*~/λ^2^), where *n* is the refractive index, *A*~*n*~ and *B*~*n*~ are the two fitting parameters related to *n*, and λ is the wavelength of incident light. To measure the dry thickness of the polymer brushes, the refractive indices of the PMETAC (*A*~*n*~ = 1.495 and *B*~*n*~ = 0.01) and PSPMA (*A*~*n*~ = 1.46 and *B*~*n*~ = 0.01) brushes were assumed to be described by the Cauchy parameters ([@R35], [@R36]). The optical properties of the resonator\'s gold surface were fit with a *B*-spline function and fixed during modeling of the polymer layer. The wet thickness of the polymer brushes was determined by numerical modeling of the ellipsometric data with a two-layer model using the software CompleteEASE. The pH solutions with the blank gold-coated resonator were at first recorded as the background signals. The two layers represented the polymer layer and the gold coating. The swollen polymer layer was treated as a single layer, which was assumed to be transparent and homogeneous (Cauchy medium). The refractive index and the wet thickness of the brushes can be obtained simultaneously by numerical fitting of the ellipsometric data ([@R37]). In this work, all dry and wet thicknesses of the polymer brushes were determined by SE unless mentioned specifically.

SFG-VS measurements
-------------------

SFG-VS is a second-order nonlinear optical spectroscopic technique that has submonolayer surface sensitivity. Here, all SFG experiments were carried out at \~25°C. SFG spectra from the interfacial molecules with different polarization combinations including ssp \[s-polarized SF output, s-polarized visible input, and p-polarized infrared (IR) input\] and ppp were collected using the near-total internal reflection geometry with two input laser beams traveling through a \~4-nm SiO~2~ layer--coated CaF~2~ prism and overlapping on the polymer/aqueous solution interface. The PMETAC brushes with a dry thickness of \~25 nm and the PSPMA brushes with a dry thickness of \~22 nm were grafted on the SiO~2~ surface using the SI-ATRP method. All SFG spectra were normalized by the intensities of the input IR and visible beams. SFG spectra were recorded from the brushes/aqueous solution interface after the sample was placed in the solutions at different pH values to equilibrate for at least 20 min.

As described in detail elsewhere, the intensity of the SFG light is related to the square of the sample's second-order nonlinear susceptibility $\chi_{\text{eff}}^{(2)}$ and the intensity of the two input fields *I*(ω~IR~) and *I*(ω~vis~) (see Eq. 4), which vanishes when a material has inversion symmetry ([@R19])$$\mathit{I}(\omega_{\text{SFG}}) \propto \left| \chi_{\text{eff}}^{(2)} \right|^{2}\mathit{I}_{1}(\omega_{\text{vis}})\mathit{I}_{2}(\omega_{\text{IR}})$$where ω~SFG~ = ω~IR~ + ω~vis~. As the IR beam frequency is tuned over the vibrational resonance of molecules at interfaces, the effective surface nonlinear susceptibility $\chi_{R}^{(2)}$ can be enhanced. The frequency dependence of $\chi_{\text{eff}}^{(2)}$ is described by$$\chi_{\text{eff}}^{(2)}(\omega) = \chi_{\text{NR}}^{(2)} + \sum\limits_{\upsilon}\frac{\mathit{A}_{\upsilon}}{\omega - \omega_{\upsilon} + \mathit{i}\Gamma_{\upsilon}}$$where *A*~υ~, ω~υ~, and Γ~υ~ are the strength, resonant frequency, and damping coefficient of the vibrational mode (ν), respectively. *A*~υ~ could be either positive or negative depending on the phase of the vibrational mode ([@R19]). The plot of SFG signal versus IR input frequency shows a polarized vibrational spectrum of the molecules at the interface. *A*~υ~, ω~υ~, and Γ~υ~ can be extracted by fitting the spectrum.

ζ potential measurements
------------------------

The surface ζ potential of polymer brushes was measured using a DelsaNano C particle and ζ potential analyzer with a specially designed flat surface cell (Beckman Coulter). ζ is obtained according to the Smoluchowski equation ([@R38]),$$\zeta = \frac{4\pi\eta\mathit{U}}{\varepsilon}$$where *U* is the electrophoretic mobility, η is the viscosity of solution, and ε is the dielectric constant of solution. One can also obtain the surface charge density (σ) from ζ on the basis of the Grahame equation ([@R39])$$\sigma = \sqrt{8\varepsilon\varepsilon_{0}\mathit{R}\mathit{T}\mathit{c}}~\text{sinh}\left( \frac{\mathit{z}\mathit{F}\zeta}{2\mathit{R}\mathit{T}} \right)$$where *R* is the gas constant, *T* is temperature, *F* is the Faraday constant, *z* is the valence of counterion, ε~0~ is the permittivity of vacuum, and *c* is the concentration of electrolyte solution.

The clean quartz slides were immersed in a 10 mM toluene solution of \[3-(2-bromoisobutyryl)propyl\]triethoxysilane for 16 hours at room temperature to form a monolayer of initiator. Afterward, the polymer brushes were formed by polymerization using SI-ATRP. The quartz slide grafted with the polymer brushes was fixed onto the flat surface cell to conduct the measurements.

Contact angle measurements
--------------------------

The static WCAs and OCAs on the surfaces of PMETAC and PSPMA brushes were determined using a KSV CAM 200 contact angle goniometer at 25°C. The polyelectrolyte brushes were soaked in the relevant pH solutions for \~20 min and then rinsed with water and dried with N~2~ before each WCA measurement. The OCA and pendant bubble contact angle measurements on the surface of polyelectrolyte brushes were performed in the relevant pH solutions.

Adhesive force measurements
---------------------------

The adhesive force was measured using a high-sensitivity microelectromechanical balance system (DataPhysics DCAT 11) underwater at room temperature. A dichloroethane droplet (10 μl) was suspended from a metal cap. The substrate was placed on the balance table and immersed in the relevant pH solutions. The substrate was moved upward at a constant speed of 0.1 mm s^−1^, until the substrate contacted the oil droplet, and the substrate was then retracted from the oil droplet. The force was recorded during the entire cycle and used to determine the adhesive force.

XPS measurements
----------------

XPS measurements of the PMETAC and PSPMA brushes grafted on gold-coated silicon wafers were performed on an x-ray photoelectron spectrometer (ESCALAB 250, Thermo-VG Scientific Corporation) using a monochromatic focused Al Kα x-ray source (1486.6 eV). Each surface was soaked in the relevant pH solutions for \~20 min and then rinsed with water to remove physically adsorbed salts and dried with a stream of nitrogen gas before XPS measurements. No physically adsorbed salts could be detected, as shown in fig. S40, indicating that the signal of Cl^−^ for the cationic SPBs solely resulted from the counterions of PMETAC brushes and that the signal of K^+^ for the anionic SPBs solely resulted from the counterions of PSPMA brushes during XPS measurements. The peak assignment of elements was referred to the NIST XPS Database, and all spectra were calibrated with the C~1s~ peak at 284.6 eV.

Lubrication tests
-----------------

Qualitative macroscopic lubrication tests were performed on a gold surface grafted with SPBs by using an elastomeric PDMS cylinder with a diameter of 6 mm as a sliding block at different pH values, as in a previous study ([@R40]). The angle of inclination of the surface was fixed at \~10°. The PDMS block was allowed to slide on the surface from the top to the bottom in the presence of Milli-Q water. The SPBs were soaked in the relevant pH solutions for \~20 min and then rinsed with water and dried with N~2~ before each lubrication test. Note that the corresponding pH-dependent properties of the SPBs would be retained after rinsing the samples with water and drying with N~2~ (fig. S31).
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fig. S1. The time scale for the pH-responsive behavior of the PMETAC brushes in QCM-D experiments, where the overtone number (*n*) is 3.

fig. S2. Δ*f* and Δ*D* as a function of pH of the blank gold-coated resonator, where the overtone number (*n*) is 3.

fig. S3. Shifts in frequency (Δ*f*) and dissipation (Δ*D*) as a function of pH of the gold-coated resonator grafted with PEMA brushes, where the overtone number (*n*) is 3.

fig. S4. Δ*f* and Δ*D* as a function of pH of the gold-coated resonator grafted with PMETAC brushes at the overtone number (*n*) of 3, 5, and 7.

fig. S5. WCA on the surface of PMETAC brushes as a function of pH obtained from the pendant bubble contact angle measurements under the relevant pH solutions.

fig. S6. Measured oil (hexadecane) contact angle (OCA) on the surface of PMETAC brushes as a function of pH.

fig. S7. A series of photos taken of the PMETAC brushes approaching and retracting from an oil (1,2-dichloroethane) droplet at different pH values during measurements of the adhesive force.

fig. S8. Δ*f* and Δ*D* induced by protein adsorption on the surface of PMETAC brushes as a function of pH.

fig. S9. In situ AFM measurements of the wet thickness of the PMETAC brushes with pH.

fig. S10. XPS measurements of the PMETAC brushes as a function of pH.

fig. S11. Change in fitting strength of the 3200 cm^−1^ peak of the PMETAC brushes as a function of pH in the ssp SFG spectra.

fig. S12. The ppp SFG spectra of PMETAC brushes in the frequency range of 3000 to 3800 cm^−1^ as a function of pH.

fig. S13. The ppp SFG spectra of PMETAC brushes in the frequency range of 1100 to 1400 cm^−1^ as a function of pH.

fig. S14. Change in frequency of the C--O stretching peak of the PMETAC brushes as a function of pH in the ssp SFG spectra.

fig. S15. Change in fitting strength of the 1220 cm^−1^ peak of the PMETAC brushes as a function of pH in the ssp SFG spectra.

fig. S16. The ssp SFG spectra of the PMETAC brushes in the frequency range of 2750 to 3100 cm^−1^ as a function of pH.

fig. S17. The ppp SFG spectra of the PMETAC brushes in the frequency range of 1600 to 1800 cm^−1^ as a function of pH.

fig. S18. The ssp SFG spectra of the PMETAC brushes in the frequency range of 1600 to 1800 cm^−1^ as a function of pH.

fig. S19. Change in frequency of the C--O stretching peak of the PSPMA brushes as a function of pH in the ppp SFG spectra.

fig. S20. The ssp SFG spectra of the PSPMA brushes in the frequency range of 1100 to 1400 cm^−1^ as a function of pH.

fig. S21. Change in fitting strength of the 1220 cm^−1^ peak of the PSPMA brushes as a function of pH in the ppp SFG spectra.

fig. S22. The ppp SFG spectra of the PSPMA brushes in the frequency range of 1400 to 1800 cm^−1^ as a function of pH.

fig. S23. Change in fitting strength of the 3200 cm^−1^ peak of the PSPMA brushes as a function of pH in the ssp SFG spectra.

fig. S24. The ppp SFG spectra of PSPMA brushes in the frequency range of 3000 to 3800 cm^−1^ as a function of pH.

fig. S25. XPS measurements of the PSPMA brushes as a function of pH.

fig. S26. Δ*f* and Δ*D* as a function of pH of the gold-coated resonator grafted with PSPMA brushes at the overtone number (*n*) of 3, 5, and 7.

fig. S27. In situ AFM measurements of the wet thickness of the PSPMA brushes with pH.

fig. S28. Water contact angle (WCA) on the surface of PSPMA brushes as a function of pH obtained from the contact angle measurements in air.

fig. S29. WCA on the surface of PSPMA brushes as a function of pH obtained from the pendant bubble contact angle measurements under the relevant pH solutions.

fig. S30. OCA on the surface of PSPMA brushes as a function of pH.

fig. S31. Lubrication tests on the surface of PSPMA brushes at different pH values.

fig. S32. Surface ζ potential and surface charge density (s) as a function of pH for the blank substrate and the quartz substrates grafted with PMETAC, PSPMA, PDMAEMA, and PMA brushes.

fig. S33. Δ*f* and Δ*D* of the gold-coated resonator grafted with PMA brushes as a function of pH, where the overtone number (*n*) is 3.

fig. S34. Wet thickness of the PMA brushes as a function of pH obtained from ellipsometric measurements.

fig. S35. Δ*f* and Δ*D* of the gold-coated resonator grafted with PDMAEMA brushes as a function of pH, where the overtone number (*n*) is 3.

fig. S36. Wet thickness of the PDMAEMA brushes as a function of pH obtained from ellipsometric measurements.

fig. S37. Response of the PMETAC brushes as a function of the concentration of OH^−^ or Br^−^.

fig. S38. Response of the PMETAC and PVBTMA brushes as a function of pH.

fig. S39. Molar conductivity (∧~m~) of free strong polyelectrolytes as a function of pH at different polymer concentrations.

fig. S40. XPS spectra of the PMETAC and PSPMA brushes as a function of pH.

movie S1. Lubrication tests on the surface of PMETAC brushes at different pH values.

movie S2. Lubrication tests on the surface of PSPMA brushes at different pH values.
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